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Abstract 


Shot noise is a powerful tool to study quantum systems. In this work, a de- 
sign of transimpedance amplifier (TIA) for a cryogenic scanning tunneling microscope 
(CryoSTM) is proposed to meet the requirements of the shot noise measurements for 
quantum systems. In the TIA, the preamplfier is made of the low-noise low-power 
cryogenic high electron mobility transistors. With the high transimpedance gain of 1 
GQ, the bandwidth of the proposed TIA is larger than 300 kHz. In the CryoSTM, 
the TIA with the tip-sample component is called as CryoSTM-TIA. The bandwidth 
of the proposed CryoSTM-TIA is still larger than 300 kHz. Its equivalent input noise 
current power spectral density is less than 30 (fA)’/Hz at 100 kHz. It is detailed, 
for quantum systems, by using the CryoSTM-TIA, how to measure scanning tunnel- 
ing current spectra, scanning tunneling differential conductance spectra, and scanning 
tunneling noise current power spectra, in atomic scale, and then extract their scanning 
tunneling shot noise spectra. Thus, it is possible to study novel quantum phenomena 
in various quantum systems by measuring shot noise with the CryoSTM-TIA, such as 
the Andreev reflection in atomic scale, the Kondo effect in a single molecular magnet, 
and the existence of Majorana bound states, etc. 


1 Introduction 


Shot noise is caused by the discreteness (quantization) of charge carriers and can be ob- 
served in non-equilibrium transports. As the non-equilibrium statistics of time-dependent 
fluctuations, shot noise measurements yield information in mesoscopic systems that is not 
present in the time-averaged transport characteristics [i]. Shot noise is a powerful tool 
to study quantum phenomena in mesoscopic systems. The cryogenic STM (CryoSTM) 
has been used to measure the shot noise in the quantum systems [4 [5} [6]. Applying 
DC bias V on the tunnel junction (TJ) between the tip and sample in the CryoSTM, the 
tunneling current is generated, which contains the tunneling DC current J and tunneling 
noise current i. For the tunneling noise current 7, its power spectral density (PSD) Sy is 
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the function of frequency f. Sg contains two components: one is the flicker noise, usually 
1/f noise, whose noise current PSD Sj,(f) decreases in the ratio of 1/ f% (0.8 < a < 1.2) 
[7]; the other is the white noise, whose noise current PSD S},, does not change with f. 
Str(fe) equals Sty at the frequency fc, where fe is called as the corner frequency of Sy. Sy 
is also the function of J, so it is the function of f and J. For the flicker noise, Sjp œ I®, 
0.5 < 8 < 2, and £ is different in different systems and conditions [7]. For the white noise, 
when |V| > kgT/e, Stw performs as the shot noise Sj, in the non-equilibrium transports, 
and Sj, = 2Fe|I|, where F is the Fano factor, kg is the Boltzmann constant, e is the 
electron charge, and T is the TJ temperature [I]. S},(Z), as the function of J, is called 
as the scanning tunneling shot noise spectra (STSNS). By using the CryoSTM, to obtain 
the accurate Fano factor F in a quantum system, we need amplify the white noise current 
PSD with high gain at high frequencies to avoid the large flicker noise at low frequencies. 
Measuring Sjw as the function of J at the frequency fm much larger than fe (usually 
fm > 10f-.), F can be obtained as the absolute value of the slope of Stw(I)/(2e) when 
|V| > kpT/e. 

In 2018, a customized voltage amplifier used in the CryoSTM was reported to amplify 
the tunneling shot noise in the quantum system at a high frequency [2] B]. A low-noise 
low-power cryogenic high electron mobility transistor developed by CNRS/LPN in France 
(denoted as CNRS-HEMT) [8| [9] acts as the preamplifier (Pre-Amp), placed in the cryo- 
genic region at 5 K. A resonator with the resonant frequency of 1 MHz is formed by the 
self-resonance of the superconducting inductor in combination with the cable capacitor 
between the inner line and the outer one 22]. The tip is connected to the gate of the 
CNRS-HEMT with the inner line of the cable, and its outer line is connected to ground. 
Therefore, only the signals at frequencies near the resonant one can be amplified with high 
voltage gain. By this means, the tunneling shot noise can be measured at 1 MHz by the 
CryoSTM. The amplifier with the LC-resonator and the tip-sample component described 
in Ref. [2] [3] is called as STM-LC-Amp. The STM-LC-Amp has been used to measure the 
noise around the defects of the high-temperature superconductors (HTCS), and it is found 
that there are the shot noises with the huge Fano factors. It is believed that the electron 
correlations at the defects of the HTCS enhance the shot noise [4] [5]. The STM-LC-Amp 
has also been used to measure the shot noise generated by the superconducting Josephson 
junction, and the Fano factor of 2 is observed in the superconducting energy gap domain, 
verifying the Andreev reflection in atomic scale [6]. 

However, there are some disadvantages for the shot noise measurements by using 
STM-LC-Amp. (1) The high magnetic field cannot be applied, since the Q factor of 
the superconducting coil inductor is dramatically decreased due to the ruining of the pure 
superconducting state with perfect diamagnetism. (2) Only the noise current PSD near 
the resonance frequency can be observed. It is not sure whether the observed noise is 
white noise or not. (3) The equivalent input noise current PSD of the STM-LC-Amp, 
as its inherent noise current PSD, is about 700 (fA)? /Hz [2], approximate to the Poisson 
shot noise of J = 2 nA. It is difficult to measure the shot noise current PSD of the small 
tunneling current (for example J < 50 pA) by using the STM-LC-Amp due to its high 
inherent noise. 

In this work, I present a design of transimpedance amplifier (TIA) for the CryoSTM 
with high gain, large bandwidth, and low inherent noise. In the CryoSTM, the TIA with 
the tip-sample component is called as CryoSTM-TIA. And, its bandwidth is approximate 


to that of the TIA. By using the proposed CryoSTM-TIA, it is possible to measure the 
tunneling noise current PSD as the function of tunneling current J and frequency f with 
very high accuracy. The accurate white noise (shot noise) can be extracted from the 
measured tunneling noise current PSD. As using the CryoSTM-TIA, the high magnetic 
field can be used in the CryoSTM. Therefore, it is possible to measure the shot noise 
in various quantum systems at the extreme conditions. In recent years, people have 
attempted to verify the existence of the Majorana bound states (MBSs) in the condensed 
matters, since it can be used to realize the topological quantum computation [I0]. The 
evidences of the single MBS are announced by detecting the differential conductance peaks 
at zero energy [11}{12]. However, it is very difficult to verify the existence of the MBSs only 
by the conductance evidences, which often leads to the misjudgments [12]. Whether the 
MBSs really exist in condensed matters is still controversial. Some theoretical studies show 
the existence of the MBSs can be accurately told out by the evidences of the conductance 
results combined with the shot noise results [17 {18]. Up to now, no attempt 
is tried to measure the shot noise in the quantum systems in which the MBSs may exist, 
since it is limited by the noise measurement accuracy. The proposed CryoSTM-TIA is 
expected to realize the accurate measurements of the above shot noise to tell out the 
existence of the MBSs. 

In Section [2] the basic idea for the design of the proposed CryoSTM-TIA is introduced. 
In Section [3] the circuit of the CryoSTM-TIA is given. Its circuit stability is proved, and 
its amplification and transient response performance are demonstrated by the simulations 
with TINA-TI [19]. In Section f4| the inherent noise of the proposed CryoSTM-TIA is 
estimated and compared with that of the conventional one. In Section [5] the DC tunneling 
current measurements by the CryoSTM-TIA are discussed. In Section [6] the applications 
and outlooks of the CryoSTM-TIA are presented, and its usages in these applications are 
also detailed, especially for STSNS measurements. 


2 Basic idea for the design of the proposed CryoSTM-TIA 


There are serious disadvantages by using a voltage amplifier for the tunneling current 
measurements in STM [20]. Usually, the tip-sample tunneling current in the STM is 
amplified by the TIA [20]. The basic mode of the TIA used in the STM is shown in Fig/1] 
The dashed triangle represents an operational amplifier (OPA). Ra is the input resistance 
of the OPA and C4 is its input capacitance. Rp is the feedback resistor. BMS represents 
a signal voltage source with the DC bias V; and the modulated signal voltage Vi. BMS 
is in series with the tip-sample TJ, and then connects to the OPA. The TJ differential 
resistance is Ry and its capacitance in parallel is Cy. Ci is the capacitance of the cable with 
which the tip is connected to the input of the TIA. Due to the virtual short effect of the 
OPA, the voltage V; + V; drops on TJ, generating the tunneling current, and the current 
is amplified to the output voltage V, + V, at the output terminal O. Transimpedance 
gain, bandwidth, and inherent noise are the most important characters for the CryoSTM- 
TIA. For the DC and low frequency tunneling current, the transimpedance gain of the 
CryoSTM-TIA is approximately equal to Rr. Excluding the tunneling noise current PSD, 
the inherent noise of the CryoSTM-TIA can be described by a virtual noise current source 
in parallel with TJ, whose noise current PSD is called the equivalent input noise current 


Figure 1: Basic model of the CryoSTM-TIA. The TIA is shown in the dashed box. The 
dashed triangle is a OPA with the open loop voltage gain aa, Ra is its input resistance, 
and C4 is its input capacitance. Rp is the feedback resistor. TJ is the tip-sample tunnel 
junction with the differential resistance Ry and capacitance Cy. BMS is a signal voltage 
source with the DC bias V; and the modulated signal voltage V;, generating the output 
voltage with the DC output Vo and the AC output Vo. 


PSD of the CryoSTM-TIA, denoted as le or i2 ( f). i can be easily compared with the 
signal current flowing through TJ, such as the tunneling shot noise current PSD. 

For the conventional CryoSTM-TIA, its TIA is typically represented by DE-DLPCA- 
200 (FEMTO) [21], which is only able to work at room temperatures, while the tip-sample 
TJ is placed in the cryogenic region. As the transimpedance gain of DE-DLPCA-200 is 1 
GQ, its bandwidth is only 1.1 kHz. And, i? of the conventional CryoSTM-TIA is about 
41 (fA)?/Hz at 1 kHz, as listed in Table ae The following goals should be achieved for 
the proposed CryoSTM-TIA. (1) The tip-sample TJ can be placed in the cryogenic region 
below 4.2 K. (2) The transimpedance gain is up to 1 GQ. (3) The bandwidth is above 300 
kHz. (4) 2, is less than 3 (fA)? /Hz at 10 kHz, and less than 30 (fA)? /Hz at 100 kHz. Such 
performances are able to meet the requirements in accuracy of the STSNS measurements 
for various quantum systems. 


2.1 Noise model of CryoSTM-TIA 


The equivalent input noise voltage of the OPA is denoted as ea and its equivalent input 
kil 23]. The two matrix elements on the main diagonal are the equivalent input 
noise voltage PSD of the OPA and its equivalent input noise current PSD. The two ma- 
trix elements on the sub-diagonal are its equivalent input noise voltage-current PSD and 
equivalent input noise current-voltage PSD. 

The equivalent input noise voltage of the TIA is denoted as er and its equivalent input 
noise current is ir. The noise current of the feedback resistor Rp is denoted as ip. The 
temperature of Rp is T, and its noise current PSD is i2 = 4kgT/Rp. By the nodal analysis 


noise current is ia. By Wiener-Khintchine theorem, can be obtained 


2 OK 
method and Wiener-Khintchine theorem [23], ( T e ) can be obtained (see 
ire i4 


Supplemental file 1 [24]). The two matrix elements on the main diagonal are the equivalent 
input noise voltage PSD of the TIA and its equivalent input noise current PSD. The two 
matrix elements on the sub-diagonal are its equivalent input noise voltage-current PSD 
and equivalent input noise current-voltage PSD. eZ, i, erip, and ie can be expressed 
as 


eae, (2.1) 
i = 12 +e4/Rp + 4kpT/Rp, (2.2) 
erty = (ireh)* = eat + e3 /Rr. (2.3) 


The equivalent input noise current PSD of the CryoSTM-TIA iZ can be obtained 


[3 22 23] by 
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In this work, Ciz = C1 + Cy. Putting Eq.(2.1), (2.2), and (2.3) into Eq. (2.4), 
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The means to reduce the inherent noise of the CryoSTM-TIA can be found in Eq. (2.5), 
such as reducing e4, reducing Cy, increasing Rp, reducing T, etc. 


2.2 Selection of transistors in Pre-Amp 


In the conventional CryoSTM-TIA with DE-DLPCA-200 as the TIA, its input capacitance 
Ca is about 5 pF, and the TJ capacitance Cy is estimated as several fF [2] [25]. TJ is 
connected to the TIA with a long cable of 1.5 m~2 m, whose capacitance Cr is about 100 
pF. Ci converts the equivalent input noise voltage PSD of the TIA e2, to a great component 
of i2, of the CryoSTM-TIA. The component of i?, related to Cy is i2, ~ (2m f)?C?e%, where 
eå = e2 and e = 16 (nV)*/Hz PI. iz, is only about 6.3 (fA)?/Hz at 1 kHz. However, 
it is about 630 (fA)*/Hz at 10 kHz, becoming the main component of i? . Hence, Ref. [20] 
emphasizes that the length of the cable between the tip and the input of the TIA should 
be shortened as far as possible to reduce Cj, which requires the transistors in the Pre- 
Amp of the OPA to be placed in the cryogenic region [28]. A CryoSTM-TIA 
design has been proposed in Ref.|26], in which a differential amplifier as the Pre-Amp is 
made of JFETs. The minimum temperature at which JFETs can work normally is 50 K. 
If TJ is in the cryogenic region below 4.2 K, the cable is still long and C{ is still large. 
Ref. [28] describes several methods to reduce the inherent noise of the CryoSTM-TIA, and 
one is shortening the cable between the tip and the input of the TIA. The advantages 
and disadvantages of four kinds of cryogenic transistors used in the CryoSTM-TIA are 
also discussed. A specific design of the CryoSTM-TIA with the bandwidth of 4 kHz is 
proposed, and its equivalent input noise current PSD 7?, is about 100 (fA)? /Hz at 4 kHz. 


In the design of the proposed CryoSTM-TIA, the OPA consists of a Pre-Amp and a 
post-amplifier (Post-Amp), which is called as Macro-OPA. The CNRS-HEMTs are selected 
as the transistors in the pre-Amp [8}|9]. The CNRS-HEMT is capable of operating below 
0.5 K, and its power at the ideal operating point is only 0.1 mW. The CNRS-HEMT 
parameters are listed in Table |1| e?, is its equivalent input noise voltage PSD, and 7%, is 
its equivalent input noise current PSD. 


Table 1: Parameters of CNRS-HEMT 
gate-source resistance Ra > 10 TQ 


transconductance gm 40 mS 
channel condactance gq 1 mS 
gate-source capacitance Cys 5 pF 
gate-drain capacitance Cga 1 pF 
drain-source voltage Vg; 100 mV 
drain-source current Ig. 1mA 
oil 10 kHz 0.25 
p) 2 
ca (V)'/H2 09 kHz G07 
ae 10 kHz 0.1 
2 2 
ty (fA) /Hz 100 kHz 1 


Even if TJ is placed in the cryogenic region below 0.5 K, the CNRS-HEMTs can still 
be placed close to TJ due to their low power. Thus, Cy can be reduced to below 0.5 pF. 
As the result, the inherent noise of the CryoSTM-TIA is greatly reduced, even at high 
frequencies. 

However, there are many difficulties in constructing the Pre-Amp with the CNRS- 
HEMTtTs. For example, since the drain-source voltage for the ideal operating point of the 
CNRS-HEMT is only 100 mV, the voltage fluctuations of the circuit affect its normal 
operation seriously, and the voltage surges may destroy it. The design of the Pre-Amp, 
aiming to resolve these difficulties, is detailed in Section [3.1] 


2.3 Frequency compensation in feedback loop 


Figure 2: Circuit diagram of the compensated feedback network 26l. 


For the high feedback resistor Rp, its parasitic capacitance Cp cannot be ignored at 
high frequencies. In order to increase the bandwidth of the CryoSTM-TIA with high Rp, 
frequency compensation must be used in the feedback loop. A very simple compensated 


feedback network is proposed in Ref. [20} [26]. As shown in Fig|2| taking C. equal to kCp, 
where k is above 10°, adjust Rx equal to Rp/ k, realizing R,C. = RpCr. The output 
voltage of the OPA as V, generates the current Ip flowing to the OPA input N, so 


Vo ket Re Rr 


—& x ; 2.6 
Ip 14 j2r f RC, 14 j2r f RC, ( ) 


Zr(f)= 


where Cy is the parasitic capacitance of Ry 26]. Zr(f) = Vo/Ip can be considered as the 
impedance of the feedback network. fr = 1/(27R,C;,) is called as the cut-off frequency 
of the compensated feedback network. The experimental results in Ref.[26] show that the 
feedback network is achieved to broaden the bandwidth to MHz. 

In my design, Rp is 1 GQ, Cp is about 0.3 pF, Ry is about 100 kQ, and Cx is about 0.2 
pF, so fp = 1/(27R,C,) is about 8 MHz. In (0,1 MHz], |Zp(f)| ~ Rg/|1 + j2r f RgO] > 
Rp/1.008 and |Zp(f)| < Rp, so it can be considered that Zp(f) is equal to Rp in 
(0,1 MHz]. 


2.4 Idea for realizing circuit stability of the proposed CryoSTM-TIA 


To realize the large bandwidth of the proposed CryoSTM-TIA, the principles for the design 
of the conventional CryoSTM-TIA to realize circuit stability is inapplicable. In 
the following, a simple principle for the proposed CryoSTM-TIA to realize circuit stability 
is given. 

In the proposed CryoSTM-TIA, for simplicity, it is assumed that there is no parasitic 
capacitance in parallel with Rp and the TJ differential resistance Ry varies from 107°? Rp 
to infinity. aa(f) is the open loop voltage gain of the Macro-OPA. It is assumed that the 
modulus |aa(f)| and the argument Z(aa(f)) both decrease with the increase of f [29]. 
A frequency f_g9 can be found for Z(a,a(f_60)) = —60°. In this work, Car = Ca + Ch, 
C= Ca + Cr +Cy = Car + Cy, a1 = |aa(f_eo)|, and fy = 2a1;/(27RpC). As long 
as fy < f-eo is realized by selecting proper Rp, C and aj, the circuit stability of the 
CryoSTM-TIA is guaranteed, and the gain margin of the circuit stability is at least 6 
dB and the phase margin is at least 30°. This conclusion will be proved in the following 
paragraphs. For an intuitive understanding of this proof, refer to the graphical method 


shown in Fig] in Section [3.3] 
The loop gain Ty, of the CryoSTM-TIA [29] is 


Ti(f) = aa(f)B(f) = aa (f) U/C), 
in which 6(f) is the feedback factor, and its reciprocal is, 
1/8(f) =1+ Rp(1/Ry +1/Ra + j2r fC). (2.7) 
In (0, f-60], since |1/8(f)| increases monotonically and fy < f_60, 
|1/8(f-60)| > |1/8(fy)| = |1 + Re(1/Ry + 1/Ra + j2r fyC)| > 27 fy RFC = 2ay. 
Hence, 


IT (f-60) lap = laa (f-60)lag — |1/8(f-60)lan < (@1)aB — (2a1)an = —6 dB. 


In [f-60, +00), considering |1/8(f)| = |1/8(f-6o)|, 


ITL(f)lan = laa (f)lan — [1/8 (flap 
< |aa(f-eo)las — |1/8(f-60)laB = |TL(f-6o) lap < —6 dB. 


On the other hand, in (0, f-60], Z(aa(f)) > —60° and Z(1/6(f)) < 90°, so 
Z(T(f)) = Z(aa(f)) — Z(1/8(f)) > —60° — 90° = —150°. (2.9) 


According to Eq. (2.8) and (2.9), ITL(f)las < —6 dB in [f—60, +20) and Z(TL(f)) > 
—150° in (0, f—60], so the proposed CryoSTM-TIA is stable, and the gain margin is higher 
than 6 dB and the phase margin is higher than 30°. 

Considering a parasitic capacitor Cp parallel to the feedback resistor Rp, the feedback 
loop can be compensated by the means described in Section [2.3] so Eq. (2.7) here should 
be changed to 


(2.8) 


1/8(f) = 1 + Zp[1/Ry + 1/Ra + j2r fC], (2.10) 


where Zp = Rp/(1 + j27f RC). For the design of the Macro-OPA in the proposed 
CryoSTM-TIA, it is easily to realize f_¢o is in [500 kHz, 1 MHz]. As mentioned ino Section 
Ck is approximately to 0.2 pF for Ry, of 100 kQ, so Zp is almost equal to Rp in 
(0,1 MHz]. Because RC is at least 4 orders of magnitude greater than RC, |1/5(f)| > 
\1/8(f-6o)| in [f-60, too), and 2(1/8(f)) < 90°. Hence, the above proof for the circuit 
stability is still valid. 


2.5 Voltage gain and transimpedance gain of CryoSTM-TIA 


With the frequency compensation as mentioned in Section 2.3, it can be considered that Zp 
is equal to Rp in (0, 1 MHz]. Considering the TJ capacitance Cy, the TJ impedance should 
be Zz = Ry/(1+ j27fRjyCy). In this work, Cy is at least two orders of magnitude less 
than Car, so it can be ignored in C and C ~ Car. The voltage gain of the CryoSTM-TIA 
is Ay = V/V.. In (0,1 MHz], A, is 
Rp 7 
SRE as +t jarf ECN eet 

The TJ differential conductance Gy = 1/Ry can be solved out from Eq. (2.11), and the 
measurement method is detailed in Section [6] 

V; is set to 0 and a sinusoidal current source J; is added in parallel with TJ, and then 
the transimpedance gain of the CryoSTM-TIA is Aj = Vo/Jj. In (0,1 MHz], A; is 


ue 


TA 


Ay & 


2.12 
14-24 +4 ae 


aa aaky 


+ jon f SECA 


aa Ra 


How to obtain |A;(f)| in experiments is detailed in Section [6] 

Without the circuit component outside the dashed box in Fig[i] a sinusoidal current 
source Îr is added on the input N of the TIA, generating the output voltage Vor at 
the output of the TIA. The transimpedance gain of the TIA Air is Air = Vor/ İr. In 
(0,1 MHz], Air is 


Ait X e 


(2.13) 


1+i+ + j2n f SECA” 


TA 
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And, |Air(f)| > |Ai(f)|, so the bandwidth of the TIA is not less than that of the CryoSTM- 
TIA. 


3 Circuit of the proposed CryoSTM-TIA 


Figure 3: Circuit of the proposed CryoSTM-TIA. The Pre-Amp is shown in dashed box 
(al) and dashed box (a2), the Post-Amp in dashed box (b), the compensated feedback 
network in dashed box (c), and the signal source circuit in dashed box (d). 


The circuit of the proposed CryoSTM-TIA is shown in Fig 3] It consists of four compo- 
nents: the Pre-Amp shown in dashed box (al) and dashed box (a2) of Fig/3| the Post-Amp 
shown in dashed box (b), the compensated feedback network shown in dashed box (c), and 
the signal source circuit shown in dashed box (d). The two stage amplifier made of the 
Pre-Amp and the Post-Amp is called as Macro-OPA, acting as a OPA. The Macro-OPA 
is connected with the feedback network to form the TIA. 


3.1 Design of Pre-Amp 
3.1.1 Differential amplifier part of Pre-Amp 


The differential amplifier part in the Pre-Amp is shown in dashed box (al) of Fig 3} The 
transistors H1 and H2 are CNRS-HEMTs. Their sources are connected together and 
grounded via a variable resistor Rs. The drains of the two transistors are connected to 
resistors Rı and Rə respectively, and Rı = Rg = RL. Lı and Lə are connected to the two 
fixed terminals of the potentiometer Rı2, and the movable terminal of Rı2 is connected 


to the output of the constant-current source, where Ryg < 0.01RL. Rui = Ri + AR 
and Ry2 = Rə + (1 — A)Rı2, and A can vary from 0 to 1. The drains of H1 and H2 (O1 
and Og in Fig|3) as the noninverting and inverting outputs of the Pre-Amp respectively 
are connected to the noninverting and inverting inputs of the Post-Amp respectively. The 
gate of H1 as the inverting input of the Pre-Amp is connected to the tip of the CryoSTM, 
and the gate of H2 as the noninverting input of the Pre-Amp is connected to ground. 
Ca is the input capacitance of the Pre-Amp. The capacitors Cs, C1 and Cy as the AC 
short circuit capacitors are 0.1 mF. H1, H2, Rı and Rə in the Pre-Amp are placed in the 
cryogenic region. H1 is placed as close as possible to the tip of the CryoSTM, so Ci is 
reduced to less than 0.5 pF. 

The voltage difference between the noninverting input of the Pre-Amp and its inverting 
input is called the differential input voltage of the Pre-Amp, and the voltage difference 
between the noninverting output of the Pre-Amp and its inverting output is called the 
differential output voltage of the Pre-Amp. The ratio between its AC differential output 
voltage and AC differential input voltage is the voltage gain of the Pre-Amp, denote as 
Ayp. The gain-bandwidth product of the CNRS-HEMT is gm/[27(Cygs + Cga)] ~ 1 GHz 
[9]. Hence, the bandwidth of the differential amplifier made of the CNRS-HEMTs is no 
less than 30 MHz. In [0,3 MHz], Ayp can be considered as a constant, 


AvP = Jm RL /(1 + ga Ri). (3.1) 

The input capacitance of the Pre-Amp C4 is 
Ca = Cys + (1+ Ave) Cga- (3.2) 

The output resistance of the Pre-Amp Rg is 
Ra = RL/(1 + gaRt). (3.3) 
In this design, the parameters of the differential amplifier part and constant-current 


source part of the Pre-Amp are listed in Table 2. 


Table 2: Parameters of Pre-Amp 


HI&H2 CNRS-HEMT, Table [i] 

Ry (Q) Ik 

Ry Q) 10 

Rs (Q) 50 
C;, Cı, C2 (mF) 0.1, 0.1, 0.1 
BJTs T1 and T2 BFT93 

Rp (Q) 347 

Ri (Q) 20 k 

Vpp (V) +12 


According to the parameters listed in Table |1| and |2| Ayp = 20, Ca = 26 pF, and 
Ra = 500 2. The input resistance of the Pre-Amp Ra is the gate-source resistance of the 
CNRS-HEMT, and Ra > 10 TQ, which is also the input resistance of the Macro-OPA. 
Therefore, Ra can be considered as infinity and be ignored in this work. 
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3.1.2 Constant-current source part of Pre-Amp 


For the conventional differential amplifier, two power supplies are used [27], and the 
schematic circuit is shown as Fig.25(d) in Ref.[27]. If two power supplies are used for 
the differential amplifier made of the CNRS-HEMTs, i.e. a positive voltage source is 
connected to the ends of the two load resistances Rp; and Rpg, and the negative power 
supply is a constant-current source, the voltage fluctuations of the positive voltage source 
makes the fluctuations of the drain potential of the CNRS-HEMTs in the conventional 
differential amplifier almost as large as those of the positive voltage source. However, the 
drain-source voltage Vg, for the ideal operating point of the CNRS-HEMT is only 100 mV. 
Therefore, the fluctuations of Vg, induced by the positive voltage source may be too large 
to keep the CNRS-HEMTs operating around the ideal operating point. Furthermore, the 
DX centers (DX~ ), shallow donors, and channel electrons are not in statistical equilibrium 
in the CNRS-HEMTs after frozen out, and the large voltage surges dropping between its 
drain and source may activate the frozen DX~, changing the DX~ to the shallow donors, 
and releasing the electrons [8]. Therefore, the CNRS-HEMTs in the Pre-Amp are easily 
damaged by the voltage surges from the positive voltage source. It is difficult to be solved 
by the additional regulator circuit or other protection circuit. For the Pre-Amp in this 
work, the schema of conventional differential amplifier with two power sources is not 
suitable. 

For the proposed Pre-Amp in this work, only a constant-current source as the power 
supply as shown in dashed box (a2) of Fig)3] is used. It allows the DC potentials at the 
drain and source of each CNRS-HEMT to remain constants, as the potential at both the 
noninverting and inverting inputs of the Pre-Amp remains constants. C and Co as the 
short circuit capacitors filter out the noise of the positive voltage source in the constant- 
current source, and Cy as the short circuit capacitor filters out the noise of Rs. TINA-TI 
simulation results show that the Vas of the CNRS-HEMTs will fluctuate less than 2 mV, 
even if the voltage fluctuations of Vpp is up to 100 mV, i.e. the voltage surges are “filtered 
out” by the constant-current source. The temperature of the bipolar junction transistors 
(BJTs) in the constant-current source can be controlled by the temperature controlling 
device, such as TEC [BI], with the fluctuations within 0.1 °C, so as to realize the more 
stable current. Using a constant-current source as the power supply for the Pre-Amp, 
the voltage regulation is simple, avoiding voltage surges on the CNRS-HEMTs and other 
drawbacks of the conventional differential amplifier with two power supplies. 


3.2 Design of Post-Amp and composition of Macro-OPA 


The circuit of the Post-Amp is shown in dashed box (b) of Figi] The OPA in the 
Post-Amp is the selected commercial OPA with high gain-bandwidth-product, such as 
THS4021, OPA657, LMH6624, etc [32]. And, it is called as Rear-OPA in this work. The 
open-loop voltage gain of the Rear-OPA is aa. In a quite large frequency bandwidth 
(usually > 30 MHz), aa can be approximately expressed as aa = dao/(1+ Jf/fp). Ra 
and Ca are the input resistance and capacitance of the Rear-OPA respectively. In the 
following, only THS4021 [33] as the Rear-OPA is discussed. The feedback resistor Rp of 
the Post-Amp is the magnitude of MQ. Considering the parasitic capacitance of Rf as 
about 0.2 pF, the frequency compensation in the feedback loop can be used by the same 
means described in Section [2.3] Since R¢ is quite small, even if there is no compensation, 
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the feedback loop still works well. The noninverting and inverting inputs of Rear-OPA in 
the room temperature region are connected respectively to the noninverting output O1 and 
inverting output O2 of the Pre-Amp with two cables. The capacitance of the two cables 
is Ci] and Cig respectively, and Ci, = Cig = Ci ~ 100 pF. The Post-Amp parameters are 
listed in Table [B] 


Table 3: Parameters of Post-Amp 


Rear-OPA THS4021 
aao (dB) 97.5 
fo (kHz) 14.5 
Ca (pF) 1.5 
Ra (Q) IM 
Rs (MQ) 1 
Ra (Q) 500 
C; (pF) 100 
Supply voltages VRp, Van (V) | +15, -15 


The open-loop voltage gain of the Macro-OPA a, can be expressed as 
QA = Ayp Ayr. (3.4) 


And, Avgr can be solved out by the the nodal analysis for the Macro-OPA circuit in Figi] 


as 
Rs 1 


y+ E : F Ta 
Ra 1+ tjj 


(3.5) 


where 1/aa, 2Rf/(aaRa), and j4r f RfCa/aa have been omitted in the denominator, since 
Ra > Ra and Ci > Ca. According to the parameters listed in Table [3| R;/(daoRa) < 1. 
Therefore, Eq.(3.5) can be expressed as 


Rg 1 
y . R/R RC; . ReCy 
Fa egina + wg) + G2aF Papas 
Wp = 27 fp is denoted. The poles of Ayr are the solutions of the equation 
RC; R/R RC; 
A pa uy ijs +1=0. (3.7) 
Wh Gad Wh Gad ad 
sı and s2 as two poles of Ayp are 
Wb 1 Wh 1 4aao 
= ——(——~ +1) + 1)2 , 3.8 
5 2 TRG 7 ) 2 Tem ) wp RC; ( ) 


It is easily found in Eq.(3.8) that sı and s2 can be both negative real numbers, by adjusting 
the value of Rs. Hence, Ayr can be expressed as 
Rg 1 


AyR= . - - ; 
RY Ra 4+ 5f/f)0 +i 
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where fı = —s1/(27) and fg = —s2/(2m). According to Table |3| fı = 694 kHz and 
f2 = 2.46 MHz. 

Since Ayp is regarded as a constant, the poles of Ayr are also the poles of aa. As the 
poles of a, are both negative real numbers, the Macro-OPA is stable [29]. The calculated 
performances of the Macro-OPA are listed in Table [4] 


Table 4: Calculated performances of Macro-OPA with the parameters in Table [2] and [3] 


sı, fı (MHz) —1.3887, 0.694 
laa (fi)lag (dB) 88.6 
Z(aa(f1)) —59.7° 
s2, f2 (MHz) —4.927, 2.46 
laa (f2)lap (dB) 77.8 
L(aa(f2)) —118.5° 


3.3 Circuit stability and transimpedance gain of the proposed CryoSTM- 
TIA 


In Fig 3] the output O of the Macro-OPA is connected to its inverting input N with the 
feedback network shown in dashed box (c) of Figi] to form a TIA. The signal source 
circuit in dashed box (d) of Figi] is connected with the TIA to form the CryoSTM-TIA. 
As mentioned in Section [3.2] the poles of the open-loop voltage gain of the Macro-OPA aa 
are both negative real numbers and there is no zero for aq, so |aa(f)| and Z(aa(f)) are 
both monotonic decreasing functions of f. The method described in Section can be 
used for the proposed CryoSTM-TIA to realizing circuit stability. For the circuit in Fig[3] 
fy = 2a1/(2r RFC) < f-60 can be easily realized by selecting Rp and Cy with the proper 
values, so the circuit stability is guaranteed, and the gain margin of the circuit stability 
is at least 6 dB and its phase margin is at least 30°. 

For the proposed CryoSTM-TIA, the parameters of the compensated feedback network 
and the signal source circuit, including the selected Rp and C1, are listed in Table [5] 


Table 5: Parameters of the compensated feedback network and the signal source circuit 


Feedback network 
Rp (GQ) 1 

Cr (pF) 0.3 
Ry (KQ) 100 
Ck (pF) 0.2 
Ce (nF) 3 
Signal source circuit 
R; (GQ) | 0.001 ~1 
Cı (pF) 0.5 


By adjusting the SPICE model of a JFET in TINA-TI [19] according to the HEMT 
parameters listed in Table[I] the SPICE model of the CNRS-HEMT is established and it is 
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applied for H1 and H2 in the Pre-Amp. The SPICE model of THS4021 in TINA-TI is used 
in the Macro-OPA. In the following, the performances of the proposed CryoSTM-TIA are 
simulated by TINA-TI with the parameters listed in the Table As a function 
of the signal ia) Ga y , aa can be simulated by TINA-TI, and it can be also calculated 
E a Ea (3.4), (8-6 . The two results are consistent each other (see Supplemental file 


dBe 7] DEG 
120 — lalap meee < (aa) Beene erage 
5 Š » ] 
nof Sei |I/2læ ---- < (1/8) se if 4 50 
aoa T CRO a a ] 
1005 F i 
(24))apk 
90 Ẹ 
80Ẹ 


10 10° 
J (Hz) 


Figure 4: TINA-TI simulation results for the open-loop voltage gain of the Macro-OPA aa, 
the calculated results for 1/ of the proposed CryoSTM-TIA and 2r f RFC. Z(aa(f_6o0)) = 
—60° at f_6o = 671 kHz and laa(f_60)laB = (a1)aB = 88.4 dB. fy = 2a; /(27 RFC) = 320 
kHz is less than f—6o. 


Fig{4| shows the TINA-TI simulation results for the open-loop voltage gain of the 
Macro-OPA aa(f), the calculated results for the reciprocal of the feedback factor of 
the CryoSTM-TIA 1/@(f), and the calculated 27 fRpC. In the curves of |aa(f)|ag and 
Z(aa(f)), Z(aa(f_60)) = —60° at f_6o = 671 kHz and laa (f_60)laB = (a1)aB = 88.4 dB. 
The curves of |1/6(f)|ag and 2(1/6(f)) are obtained by Eq. (2.10) in Section with 
the parameters as Ra > 10 TQ, Rp = 1 GO, Cp = 0.3 pF, Rk = 100 k9, Ck = 0.2 pF, 
C & Cay = 26.5 pF, and Rj = 1 MQ. In Fig(] it is found that fy = 201 /(2n eC) = = 320 
kHz, much less than f_69 = 671 kHz. The conditions described in Section 2.4] [2.4] for the 
circuit stability of CryoSTM-TIA are met for it. It is also found that the gain margin of 
the circuit stability for the CryoSTM-TIA is about 27 dB and its phase margin is about 
70°, much larger than the usual requirements. 

Air(f) is the transimpedance gain of the TIA, as expressed in Eq. (2.13). Fig)5] shows 
the Air(f)/Rp of the TIA in the CryoSTM-TIA simulated by TINA-TI. It is found that 
|Air(fy)/Rrlap ~ —3 dB and Z(Ai(f,)/Rr) ~ 101° at fy = 320 kHz, and fy is approx- 
imately equal to the upper cut-off frequency of the TIA fpr. In addition, it is found 
that |Air(f)/Rrlap decreases monotonically, and there is no “gain peaking” on the curve, 
which also indicates the circuit is quite stable [29]. 

As the cable ape the tip and the input of the proposed TIA is very short, Cy is very 
small, so Ca in Eq.(2 is approximate to Car in Eq. (2.12). Thus, the transimpedance 
gain of the CryoSTM- aan A; is approximate to Air. The upper cut-off frequency of 
the CryoSTM-TIA facsr is approximately equal to fprCa/Car. According to Fig [5] 
facst © 320 kHz and |Ai(facsr)| ~ 0.7 GQ, so the high-gain and large-bandwidth for the 
proposed CryoSTM-TIA are realized together. 

In supplemental file 2 [32], for the proposed CryoSTM-TIA with OPA657 or LMH6624 
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Figure 5: TINA-TI simulation results for Aip(f)/Rp. Air(f) is the transimpedance gain of 
the TIA in the proposed CryoSTM-TIA. |Air(fy)/Rrlap ~ —3 dB and Z(Air(fy)/Rr) © 
101° at fy = 320 kHz. 


as the Rear-OPA, their performances are also simulated by TINA-TI, and the results are 
similar to Fig] and Fig 5] 


3.4 Transient response of the proposed CryoSTM-TIA 


j Roreveverd eveva crea Fevva neve FeeMT ered evita aveed evera rere eee reer Pere neeeT AeTeTererT ver 


2° 3. 3. 4.8 6 °F (8. 9 710 
t (us) 


Figure 6: TINA-TI simulation results for the transient response of the proposed CryoSTM- 
TIA. The dashed curve is the step input signal V; and solid curve is the output response Vo. 
Transient response time t, < 3.5 us. There is no “ringing” and “overshoot” characteristics 
in the output response curve, confirming the circuit stability. 


In the case of Ry = Rp, the transient response performance of the CryoSTM-TIA 
simulated by TINA-TI is shown in Fig [6] in which the dashed curve is the step input signal 
V; and the solid curve is the output response Vj. The time taken from adding the step 
input signal to the output response stably within 0.1% error is called the transient response 
time ty. Fig{6| shows trp < 3.5 us. In addition, there is no “ringing” and “overshoot” 
characteristics in the output response curve, confirming the circuit stability [29]. 


4 Noises of the proposed CryoSTM-TIA 
The differential equivalent circuit with all noise sources for the circuit of the proposed 


CryoSTM-TIA shown in Fig [3] is used to calculate its equivalent input noise. The details 
for the noise calculations are shown in Supplemental file 1 [24]. 
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4.1 Equivalent input voltage noise and equivalent input current noise of 
Macro-OPA in the proposed CryoSTM-TIA 


The equivalent input noise voltage of CNRS-HEMT H1 and its equivalent input noise 
current are denoted as e; and 71 respectively. Similarly, for CNRS-HEMT H2, there are 
e2 and i2. Rı and Rə are the resistors connected to the drains of H1 and H2 respectively 
(here Rı = Rə = Ry). Re is the feedback resistor. The noises of these resistors above 1 
kHz are all thermal noise. The equivalent input noise voltage of the Rear-OPA and its 
equivalent input noise current are denoted as ea and ia respectively. All noise sources are 
independent. 

By the nodal analysis method and Wiener-Khintchine theorem, ignoring the small 
quantities, such as the thermal noise of Rj, R2 and Rg, eq, ika eath, and iaey for the 
Macro-OPA of the proposed CryoSTM-TIA can be expressed approximately as 


e% = 2e? + e? /A?p + 412/97, (4.1) 
B =A +a A+A) + r Oat Coa + OE 3) 
eaty = (iah )* = —j2r fCa (e2 + e2/Ap) — jár f (Ces + Coa + Ca)iZ/ 92, (4.3) 


where e2 = e? = eż is the equivalent input noise voltage PSD of the CNRS-HEMTs (i.e. 
H1 and H2) and 2 = i = i2 is their equivalent input noise current PSD. The CNRS- 
HEMT parameters are listed in Table[1| For THS4021 as the Rear-OPA, e2 ~ 2 (nV)?/Hz 
and i2 = 4 (pA)?/Hz for f > 10 kHz. As Ayp = 20 and gm = 40 mS, €2/A2p and 12/92, 
are less than 0.07e2. Therefore, further omitting the minor terms, Eq. (4.1), (4-2), 
can be expressed as 


e = 2e}, (4.4) 
i = i + (2r f) Okeh, (4.5) 
eaii = (IA) = —j2afCae?, (4.6) 


in which Ca = 26 pF. Thus, BA = 0.5 (nV)?/Hz and B = 0.8 (fA)?/Hz at f = 10 kHz, 
and eå = 0.14 (nV)?/Hz and ii = 20 (fA)?/Hz at f = 100 kHz, as listed in Table 


4.2 Equivalent input current noise of the proposed CryoSTM-TIA 


The Macro-OPA connected with the feedback resistor Rp to form the TIA in the proposed 
CryoSTM-TIA. According to the noise models in Section 2.1| e2, i2, eriñ, and ireï can 
be obtained by putting Eq. (4-4), (4.5), into Eq.(2.1), (2.2), (2.3). With Rp = 1 GQ, 
Ca = 26 pF, e2 is 0.5 (nV)*/Hz at 10 kHz and 0.14 (nV)*/Hz at 100 kHz, and i, is 
1 (fA)?/Hz at 10 kHz and 20 (fA)?/Hz at 100 kHz. 


For the proposed CryoSTM-TIA, putting Eq. (4.4), (4.5), (4.6) into Eq. (2.5), the equiv- 


alent input noise current PSD of the CryoSTM-TIA i?, can be obtained as 


2 = i2 + dkpT/Re + [(27 f)? (C? + C2) + 2(1/Re + 1/Ry)]e4, (4.7) 


In 


i =i + dkpT/Rp + (20 f} COn + (1/Rp +1/R 2. (4.8) 
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Eq. (4-8) shows the equivalent input noise current PSD of the CryoSTM-TIA has four 
components: the equivalent input noise current PSD of the Macro-OPA ae the thermal 
noise current PSD of Rp as 4kpT/ Rp, the noise component concerned with the capacitance 
Ci as i2, = (27 f)*CCye%, the noise component concerned with Ry as (1/Rp+1/Ry)*e%. 

Eq. (4.8) is also suitable for the conventional CryoSTM-TIA. For the conventional 
CryoSTM-TIA with the DE-DLPCA-200 as the TIA, the TIA and Rp are both at room 
temperatures, and the tip-sample junction is at low temperatures. Rp = 1 GQ, Ca = 5 
pF, Cr = 100 pF, and C = Cı. For DE-DLPCA-200, e2% = 16 (nV)?/Hz and i, = 
18.6 (fA)?/Hz at f = 1 kHz PI]. ex = 16 (nV)?/Hz and A = 2.6 (fA)? /Hz at f = 1 kHz 
can be estimated. For the conventional CryoSTM-TIA with the DE-DLPCA-200 as the 
TIA, as Ry = 1 MQ, i2, and its four components are listed in Table 

For the proposed CryoSTM-TIA, THS4021 is selected as the Rear-OPA in the TIA, 
Rp = 1 GO, Ca = 26 pF, Cy = 0.5 pF, and Cy = 10 fF [2] [25]. Rp and the tip-sample 
junction are at 4.2 K. As Rj = 1 MQ, ie and its four components are listed in Table 
The inherent noise of the proposed CryoSTM-TIA at 100 kHz is even much lower than 
that of the conventional CryoSTM-TIA at 1 kHz. The design of the CryoSTM-TIA with 
high gain, large bandwidth, and low noise is achieved. 


Table 6: Noise components of CryoSTM-TIAs 


TIA type The proposed TIA | DE-DLPCA-200 
Ca, Ct, Cy (pF) 26, 0.5, 0.01 5, 100, 0.01 
Rp (Q) 1G 1G 
Ry (Q) 1M 1M 
T of Rp (K) 4.2 300 

f (kHz) 10 100 1 
e ((nV)?/Hz) || 0.5 0.14 16 
Unit for the following terms is (fA)? /Hz. 
On 0.8 20 2.6 
AkpT / Rp 0.2 0.2 16 
tea 0.03 0.7 6.3 
(tere |] 05 0.14 16 
i2 1.5 21 41 


5 DC tunneling current Measurements by the proposed CryoSTM- 
TIA 


For the proposed CryoSTM-TIA in Fig 3] CNRS-HEMTs H1 and H2 with the same per- 
formances should be selected as far as possible in the Pre-Amp. The gate P of H2 is 
constantly grounded. 
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Figure 7: Scheme of DC circuit of the proposed CryoSTM-TIA. Vog is the input offset 
voltage of the Macro-OPA. 


Disconnect the Pre-Amp from the Post-Amp, and ground the signal input of the Pre- 
Amp, i.e. ground the gate N of H1. Adjust potentiometer Rı2, so that the two drain 
load resistors Ry; and Ry»2 are equal (i.e. A = 0.5). Adjust the output current generated 
from the constant-current source in dashed box (a2) of Fig] to the differential amplifier 
in dashed box (al) of Figi] to Isour = 2 mA. Adjust the resistance Rs to achieve the 
gate-source voltage Vz, of H1 and H2 for their operating points near the ideal one as far 
as possible. 

Cascade the Pre-Amp and Post-Amp to form the Macro-OPA. Then, the DC voltage 
Vom at the output of the Macro-OPA is called as the output offset voltage of Macro-OPA. 
Vom is induced by the input offset voltage of the Rear-OPA in the Post-Amp, its input bias 
currents and input offset current, and the common-mode DC voltages output from the two 
outputs of the Pre-Amp to the Rear-OPA. Usually, Vom is not 0. The DC parameters of 
THS4021 as the Rear-OPA are listed in Table |7| [33]. The ratio between the DC output 
voltage increment of the Macro-OPA and its differential DC input voltage increment is 
called as the DC voltage gain of the Macro-OPA, denoted as aag. And, Gag © gm can 
be obtained by the nodal analysis for the circuit in Fig [3] The input offset voltage of the 
Macro-OPA is denoted as Vos, as shown in Fig/7| And, Vom = aagVos. Since the input 
resistances of H1 and H2 can be considered as infinity, the input bias currents and input 
offset current of the Macro-OPA can be considered as 0. According to the parameters in 
Table [7| Vos can be estimated to be about 31 uV. How to estimate Vog is presented in 
Supplemental file 3 [34]. 


Table 7: DC parameters of THS4021 as Rear-OPA 
Aad 97.5 dB 

CMRR 95 dB 
Input offset voltage | 0.5 mV 
Input bias current 3 pA 
Input offset current | 30 nA 


Connect the gate N of H1 to the output end of the Macro-OPA with the feedback 
resistor Rr, and then disconnect it from ground, to form the TIA, as shown in Fig!7| 
Here, Switch K is off, i.e. the signal source circuit is disconnected. The output voltage of 
the TIA is Viia, which is equal to the voltage at the TIA input N. For Viia, 


aao(Vos = Viia) = Viia- (5.1) 
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Viia = Vosaao/(1+aao) is approximately equal to Vos. Viia can be measured. And, |Viia| 


can be lowered by adjusting R12, even to 0. 
Switch on Switch K, i.e. the signal source circuit is connected to the TIA, to form the 


CryoSTM-TIA, as shown in Fig/7| Here, the TJ DC resistance is denoted as R. As DC 
input signal V; is applied, Vy is the voltage at point N, and V, is the output voltage of the 
CryoSTM-TIA. For the CryoSTM-TIA, 


aao(Vos — Vn) = Vo, 
(Vi — Vn)/R = (Vn — Vo)/Rr. 
The DC bias applied on TJ is 


V=aVi-W. 
The DC tunneling current is 
I = (Vi — Vy)/R. 
Və and V; can be obtained by measurements. J, is denoted as 
I, = —(Vo — Viia)/RF. (5.2) 


By the above six equations, the relative error of J; as an approximation of I is obtained 
as 
Er = |I — I|/|I| = 1/(1 + aao), (5.3) 


and V is 

(1 + aao)R 
(1+ aao)R+ Re 
As Gan © gmRs = 40,000, Er < 0.003%. And, as the CryoSTM-TIA is used for the 
measurements in the condition of Ry > 107? Rp, Eq. (5-4) can be expressed approximately 


as 


V = (Vi Viia). (5.4) 


V = V, — Viia. (5.5) 
T T T 
20 e AAN 4 
— V=l mV 
B 28F---- y=5 mv 
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Figure 8: For the proposed CryoSTM-TIA, Er = |I — I|/|I| vs. R (R € [1 MQ, 1 GOJ) 
is simulated by TINA-TI with V; = 1 mV (Solid curve) and V; = 5 mV (Dashed curve). 
The simulation results show Er < 30 ppm, consistent with the above calculated results. 


For the CryoSTM-TIA with the circuit in Fig [3] assuming the performances of H1 are 
as same as those of H2 and Ry; = Rı +0.5Ry2 = Rie = Ro + 0.5R12, Er = |I; — I|/|I| vs. 
R (R € [1 MQ, 1 GQ]) simulated by TINA-TI are shown in Fig|8} The simulation results 
show Er < 30ppm, consistent with the above calculated results. 


19 


6 Applications of spectra measurements by the proposed 
CryoSTM-TIA 


In this section, I illustrate how the proposed CryoSTM-TIA is used for various spectra 
measurements. Especially, how to obtain the STSNS in experiments are illustrated and 
the measurement accuracy is estimated. 


6.1 Measurements of scanning tunneling current spectra by the pro- 
posed CryoSTM-TIA 


The scanning tunneling current spectra measured with the CryoSTM is the function of 
I = I(V), where V is the DC bias on the tip-sample TJ and J is the DC tunneling 
current. For the measurements of I = I(V) (V € [VL, Val), using the CryoSTM-TIA, only 
the DC bias V; is provided by BMS, i.e. V = 0, and Vj € [Vit, Vin], where Viu = Vi + Viia 
and Vin = Va + Viia according to Eq. (5.5). The o DC output voltage of the 
CryoSTM-TIA V is measured. According to Eq.(5.2) and ( (5.5), the approximate value of 
Tis Is = —(Vo — Via) / Rp, and the approximate 69 of V is Vs = Vi — Via. The function 
of Is = Is(V3) (Vs € [Vi Val) is the measured scanning tunneling current spectra. 


6.2 Measurements of transimpedance gain of the proposed CryoSTM- 
TIA 


In the CryoSTM-TIA, only DC bias V is provided by BMS, i.e. V; = 0. A sinusoidal 
current signal is connected in parallel with TJ, and i 21 gives a representation of the 
transimpedance gain. For the CryoSTM-TIA, in Eq.(2 oo = 1 GQ, Ra > 10 TQ, and 
C ~ Cay = 26.5 pF, as listed in T And, as Pa in el laa(f_6o0)lap = 88.4 dB at 
f-60 = 671 kHz, and |aq(f)| > 109/9 ~ 35,000 in [1 kHz, 300 kHz]. When Ry > 10-3 Rp, 
in [1 kHz, 300 kHz], Eq. (2.12) 2.12) for |A;| can be approximately simplified as 


Rr 


|Ai| = |1 + j2afReCar/aa(f)| 


(6.1) 


Figure 9: Accessory circuit for measuring transimpedance gain of the proposed CryoSTM- 
TIA. 


The accessory circuit shown in Fig] replaces TJ and BMS in the signal source circuit 
in dashed box (d) of Figi] connected to point A in Figi] The accessory circuit here 
is identical in structure with that of the compensated feedback network shown in Fig [2] 
(i.e. dashed box (c) in Fig[3h, but with different parameters. Here, Rj = 100 MQ, Rij is 
adjustable around 10 kQ, Cy = 3 nF, the parasitic capacitance of Rj and Ry; is denoted 
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as Cj and Cj respectively. Cj and Chj are about 0.3 pF and 0.2 pF respectively. Adjust 
Ry; to realize RyjCcj = RjCj. Here, BMS only provides the modulated signal voltage Vi. 
Similar to the feedback network in Section the impedance of the accessory circuit 
Zi = Rj/(1 + j2r f RigCj). Since RkjCkj < 2 x 107°, it can be considered that Zj is equal 
to Rj in [1 kHz, 300 kHz]. Thus, the CryoSTM-TIA is modified by replacing TJ in the 
original circuit with a pure resistance Rj = 100 MQ without parasitic capacitance. In 
[1 kHz, 300 kHz], the voltage gain of the modified CryoSTM-TIA |A,;(f)| = |Vol/|V;| can 
be measured with V; = 0, and Eq. (2.11) for |A,;(f)| can be approximately modified as 


1 Rf 
Ay; = . - $ 6.2 
At] Rj |1 +42rfRrCar/aa(f)| (6.2) 
Comparing Eq.(6.1) and Eq.(6.2), 
|Ai(f)| = Ril Ay (AI, (6.3) 


And, |Aj(f)| is independent of Rj. By this means, in [1 kHz, 300 kHz], the transimpedance 
gain |A;(f)| can be obtained in experiments with Rj and the measured |A,;(f)]. 


6.3 Measurements of the scanning tunneling differential conductance 
spectra by the proposed CryoSTM-TIA 


The TJ differential resistance Ry is a function of the bias V on TJ, i.e. Ry = Ry(V), where 
V = V; = Vi-Viia according to Eq. (5.5). For f < 1 kHz, the TJ impedance |Zj(f)| ~ Ry, 
and |aa(f)| is about aao = gm = 40,000. According to Eq. (2.11), at low frequencies, 
such as f < 1 kHz, |A| is 


Rp 1 


Ay| © . ‘ 
|v Ry 1+ Rp/(aaoR3) 


(6.4) 


G3(V) = 1/R3(V) can be solved out from Eq. (6.4) with the measured |A,|. In fact, so 
long as Rp/|Ay| > 107° Rp, Ry obtained by Ry ~ Rp/|Ay| is almost equal to that obtained 
with Eq. (6.4). 

The measurement speed of the scanning tunneling differential conductance spectra 
Gj = G3(V) (V € [V, Va]) can be accelerated by increasing the modulation frequency. 
In the condition of Ry > 10-3 Rp, so long as f < 1/(207RyC3), by Eq. (2.11), |A,(f)| can 
be expressed as 


1 Rp 1 


AAS a Fea o 


API. 


And, the solution is 
RIV) ~ JAAP). 
Here, |A,(f)| can be measured and |A;(f)| is obtained in advance as mentioned in Section 
Thus, Gy(V) = 1/R3(V) can be obtained in experiments. 
However, for the various systems, it is difficult to estimate the value of RyCy. The 
experiments need doing to judge how high the modulation frequency f is suitable for a 
specific system under test yet. Firstly, the accurate values of Ry at a few TJ DC bias 
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values of V in |V, Vu] (i.e. Vi € [Viz, Vin] mentioned in Section [6.1) are measured with 
the modulation signal V; at a low frequency. And then, Ry at the same TJ DC bias values 
are measured with V; at a higher frequency. If the two series of results are within the 
allowable error range, the whole spectra of Gy(V) vs. V in [VL, Vg] can be measured 
with V; at the higher frequency thoroughly. For the conventional CryoSTM-TIA, the 
modulation frequency f is usually less than 1 kHz. For the proposed CryoSTM-TIA, the 
modulation frequency of 10 kHz is expected to be suitable for many systems under test. 


6.4 Measurements of scanning tunneling shot noise spectra by the pro- 
posed CryoSTM-TIA 


eee a ee 


V(mV)  V=2le 


Figure 10: Schematic curve of the scanning tunneling differential conductance spectra of 
the SIS system. Dy is noted with several thick lines on the V axis. The line of Gh = 1 
LS is noted. 


Firstly, an example is given to illustrate how to measure the scanning tunneling shot 
noise spectra (STSNS) by the CryoSTM-TIA in CryoSTM. In this example, the sam- 
ple is “clean Pb(111) surface” as mentioned in Ref.{6], and the STM tip is coated with 
Pb. The tip and sample in the cryogenic region at 2.2 K is a superconductor-insulator- 
superconductor (SIS) system. The Fano factors of the SIS system have been predicted 
theoretically and verified by the experiments [6]. Same experiments can be done for 
calibrating the proposed CryoSTM-TIA. By using the CryoSTM-TIA, the STSNS mea- 
surements for the SIS system can be performed as follows. 

Fig.2(a) in Ref.[6] shows several measured differential conductance curves Gy = Gj(V) 
corresponding to the different junction resistances of Ry, where V is the voltage bias 
on TJ and V € [—5 mV,5 mV]. From these curves, one is selected whose minima are 
higher than 0.1 uS in [—Vin, Vm] and Vm is slightly larger than 2A/e, where A is the 
superconducting gap energy of the sample. Fig{10] is the schematic curve of the scanning 
tunneling differential conductance spectra of the SIS system, in which Vm = 4.8 mV. In 
[—Vin; Vm], the domain of V where G3(V) < Gy, = 1 uS is denoted as Dy, i.e. 


Dy = {V| -Va < V < Vn, Gy(V) < Gh}. (6.5) 
Only the DC bias is applied by BMS, and the scanning tunneling current spectra I = I(V) 
(V € Dy) can be obtained as mentioned in Section The corresponding range of 
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I = I(V) is denoted as Dy. I = E G3(V)dV and G;(V) > 0.1 uS in (0, Vm], so Z > 100 
pA as V > 1 mV. 


a e 
4p —— total noise current PSD 4 
j -- l/fnoise current PSD ] 
tan white noise current PSD 


2 


Figure 11: Schematic curve of a scanning tunneling noise current PSD S1 = S1(f, V) at a 
fixed V. Its corner frequency fe is noted. 1/f noise can be considered as zero at frequency 


fm 


For the SIS system, the tunneling noise current PSD is denoted as Sı = Sı(f, V) 
(V € Dy, f € [10 Hz, 300 kHz]). For a fixed V in Dy, a schematic curve of St = S1( f, V) 
(f € [10 Hz, 100 kHz]) is shown in Fig{11] in which the corner frequency fe is noted. For 
the SIS system [6], if the wite noise S},,(V) is much larger than the fliker noise at frequency 
fm and fm < 300 kHz, Sīw(V) can be measured accurately by the proposed CryoSTM- 
TIA at fm. Stw(V) performs as the shot noise when |V| > 4kgT/e (kgT/e ~ 0.19 mV 
for T = 2.2 K). With the measured I = I(V) (V € Dy), the STSNS Sis = Si (I) ~ 
Stw(V(1)) (I € Dr, |V| > 4kgT/e) can be obtained. The Fano factor F can be extracted 
by F = S},/(2e|I|). For the SIS system in Ref.[6], it should be obtained that F = 2 in 
[4kgT/e,2A/e] and F = 1 in [2A/e, Vin]. 

In the following, how to obtain the white noise current PSD is detailed. —__ 

For the CryoSTM-TIA, as Eq. (4.8), its equivalent input noise current PSD i? (f, V) is 
expressed as the sum of four components, 


(f, V) = E(f) + 4kBT/Rr + (Qa f} CCU (f) + [1/Re + 1/Ry(V)Pea(f). (6.6) 


Before approaching the tip to the sample in the CryoSTM, Ry can be considered as infinity 
and Cy as 0. The equivalent input noise current PSD of the CryoSTM-TIA with Rj = co 
and Cy = 0 is 


R) = B(S) + 4keT/Re + (2r f) CnC} (f) + eA (f)/Re- (6.7) 
i f) is irrelevant to the tip-sample TJ junction. And, 


5(f,V) = #2,(f, V) — PCP) 


a _ 6.8 
= {[1/Rp + 1/Ry(V))? — 1/Re}e4 (S) + (2r f)’ (C + C1) Cye4 (f). me 


e ( = 2e? ( f) as Eq.(4.4) mentioned in Section [4.1] and e2( f) decreases monotonically 
in [10 Hz, 300 kHz] [8} O]. As listed in Table |6| (1/Rp + 1/R3} ež is only 0.5 (fA)?/Hz 
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at 10 kHz and 0.14 (fA)?/Hz at 100 kHz, for Rp = 1 GQ and Ry = 1 MQ. According 
to the parameters listed in Table lel it is estimated that (2r f)?(C + C1)Cjeł (f) is less 
than 0.05 (fA)?/Hz in [10 kHz, 100 kHz] and less than 0.14 (fA)? /Hz in [100 kHz, 300 kHz]. 
And, Ry > 1 MQ for V € Dy discribed by Eq. (6.5). Therfore, in Eq.(6.8), &(f, V) < 
0.6 (fA)?/Hz in [10 kHz, 300 kHz]. 

For V € Dy and f € [10 kHz, 300 kHz], the sum of the tunneling noise current PSD 
Si(f,V) and the equivalent input noise current PSD of the CryoSTM-TIA 7?,(f) is am- 
plified to the output noise voltage PSD Ssum(f,V) by the CryoSTM-TIA with the tran- 
simpedance gain Aj(f) expressed as Eq. (6.1). And Ssum(f,V) can be measured with the 
spectrum analyzer. Before approaching the tip to the sample in the CryoSTM, the output 
noise voltage PSD with Ry = co and Cy = 0 is Ssu(f). Ssu(f) = |Ai(f)|?é?(f) and it can 
be measured in advance by the spectrum analyzer. Hence, 


[Ssum(f,V) — Ssl fA? = a, V) + 2,(f,V) — Bf) = Sf, V) + 6(f,V). (6.9) 


The noise measurements can be performed at fm, where Sj(fm,V) = Stw(V) and 
5(fim,V) < 0.6 (fA)?/Hz. In Dy, when V > 1 mV, I > 100 pA and |V| > 4kgT/e 
(T = 2.2 K [6]). Therefore, Stw(V) © Sis(V) = Sts(V(L)) = 2Fe|I| > F(32 (£A)?/Hz). 
Even if F = 0.5, it is estimated Sts > 16 (fA)? /Hz, which is 25 times higher than ô( fm, V). 
Therefore, from Eq.(6.9), 


Stw(V) ~ Ssum(fm, V) = Ssulfm) (6.10) 


| Ai(fm)|? 
By Eq. (6.10), with the scanning tunneling current spectra obtained in experiments as 
mentioned in Section (6.1 the STSNS $j,(1) (I € Dy) can be obtained in experiments. 

If the frequency of fm cannot be determined in advance, at which the flicker noise 
component in the tunneling noise is far less than the white noise, the upper limit of the 
corner frequencies of the tunneling noises must be measured first. For the SIS system, as 
an example, selecting some typical values in Dy, such as V = Vj, V2 (in Fig{10), and Vin, 
measure the tunneling noise current PSD S;(f) at the selected V as mentioned above, and 
then fit the curve of S1(f) to find its corner frequency fe, as illustrated in Figi] Taking 
fm is 10 times higher than the maximum of the above corner frequencies or more, the 
tunneling noises measured at fm can be considered as the obtained white noises. 

For the shot noise measurements on a normal metal sample, the domain |- Vm, Vm] can 
be selected with a large interval. For example, in Ref.[3], the shot noise measurements 
on Au(111) are performed, in which the maximum value of Ry is adjusted to 1 GQ, and 
Vn = 500 mV, so that J can reach up to 500 pA. Therefore, it is more convenient to 
calibrate the CryoSTM-TIA by measuring the shot noise on Au(111). 

In order to verify the existence of the Majorana bound states (MBSs) in condensed 
matters, the shot noise characteristics of the MBSs in the different device structures have 
been predicted in theroies [18]. However, such measurements have been 
never made, since there is no appropriate measuring equipment available up to now. Some 
of these predictions are made for multi-terminal device structures [18]. For the 
multi-terminal devices, if the shot noise is measured with a CryoSTM, the tunnel junction 
of the CryoSTM needs to be designed as a component of the device, which is not easy 
in experiments. For the 2-terminal device structures [14] [15], it can be designed as a 
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device with the tip as one end and sample as the other end. The corner frequency of the 
tunneling noise in this structure is usually quite small, and the shot noise measurements 
may be easily achieved. Recently, many evidences of the conductance measurements show 
the MBS may be generated in the flux vortex of the iron-based superconductors [85]. 
For that work, the existence of the MBS may be further verified by measuring the shot 
noise, which is obviously meaningful. The shot noise measurements with the proposed 
CryoSTM-TIA may be performed as follows. As the iron-based superconductor sample 
is placed at 0.55 K with a magnetic field of 2.5 T, the topological energy gap is about 
1.8 meV. Several measured differential conductance spectral curves corresponding to the 
different tip-sample distances have been shown in Fig.3(A) of Ref.[35]. Select the curve 
whose minimum differential conductance is about 0.05 uS, take the interval [—Vin, Vm] as 
[-2 mV, 2 mV], and find the domain Dy by the method mentioned above with Eq. (6.5). 
The corner frequency fe of the tunneling noise can be found by the method mentioned 
above with Eq. (6.9), and the frequency fm can be determined. At fm, the STSNS can be 
obtained in experiments with Eq. (6.10). Because of the 2.5 T magnetic field, the STM- 
LC-Amp mentioned in Ref.[2} B] cannot be used for the measurements in Ref.(35]. For 
the measurements in Ref.[35], the DC tunneling current J is as small as 50 pA, and the 
corresponding shot noise for the MBS may be e|I| of 8 (fA)*/Hz, while the inherent noise 
of STM-LC-Amp is as high as 700 (fA)”/Hz, so it is impossible to measure so low the shot 
noise for the tunneling current in Ref.[35}. 

Before 2018, shot noise in mesoscopic systems are studied by the tunnel junction devices 
without STM involving. It is impossible to study shot noise in-situ in atomic scale, such 
as a single molecule, a single molecular magnet, a defect in atomic scale, etc. If CryoSTM 
is used to measure the noise in quantum systems, the impossible as mentioned above 
may become possible. By the CryoSTM, the shot noise in-situ measurements in atomic 
scale may be achieved with very high resolution in energy and space distributions, as well 
as with the excellent tunability of temperature, magnetic field and tunneling conditions. 
For the proposed CryoSTM-TIA, the simulation and calculation results show its inherent 
noise is very low, while its gain and bandwidth can be still quite large. Therefore, the 
accuracy of the tunneling shot noise measurements can be dramatically improved by using 
the CryoSTM-TIA. The proposed CryoSTM-TIA may become a universal tool to meet the 
measurement needs for various quantum systems, such as Dirac semi-metal, Weyl semi- 
metal, topological superconductor, topological insulator, and other quantum materials 
with novel quantum phenomena. 


7 Conclusions and outlooks 


During the non-equilibrium transports in mesoscopic systems, the statistical information 
can be obtained by measuring shot noise. In this work, a low-noise high-gain large- 
bandwidth transreimpedance amplifier (TIA) has been proposed to meet the needs of the 
shot noise measurements in the CryoSTM. In the CryoSTM, the TIA with the tip-sample 
component is called as CryoSTM-TIA. The core component of the proposed CryoSTM-TIA 
is a cryogenic Pre-Amp made of the low-noise low-power cryogenic CNRS-HEMTs. And, a 
special single power supply is used to ensure the stability and robustness of CNRS-HEMTs 
at low temperatures. The CryoSTM-TIA has a transimpedance gain of the magnitude of 
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GQ, with a bandwidth above 300 kHz. The equivalent input noise current PSD of the 
proposed CryoSTM-TIA i? is only 21 (fA)?/Hz at 100 kHz. The scanning tunneling 
current spectra J = I(V) and scanning tunneling differential conductance spectra Gy = 
G3(V) can be measured with the cryoSTM-TIA. In this work, it is detailed, by using the 
CryoSTM-TIA, how to measure the scanning tunneling noise current PSD S1 = (f, V) 
and extract the scanning tunneling shot noise spectra Sj; = Sjs(I) for quantum systems 
in atomic scale. And, all of these spectra can be measured with very high accuracy. This 
CryoSTM-TIA can be used to investigate the properties of various quantum materials, 
such as high-temperature superconductors [4 [5], topological superconductors, topological 
insulators, etc. It can also be used to study various quantum effects, such as the Andreev 
reflection in atomic scale [6], the Kondo effect in a single molecular magnet [86], etc. 
Especially, it may be used to verify the existence of Majorana bound states, related to the 
realization of topological quantum computing. 

In the future, any kinds of collaborations are welcome, and the funding will be applied 
to realize the proposed CryoSTM-TIA, based on the design in this work. 
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